ABSTRACT The Internet of Things requires highly efficient ultra-wideband antenna systems that yield high performance at low manufacturing cost. Therefore, a novel ultra-wideband circular air-filled substrateintegrated-waveguide (AFSIW) cavity-backed annular slot antenna is proposed that enables straightforward integration into general-purpose materials by means of standard manufacturing techniques. The cavity top plane, serving as antenna aperture, contains two concentric annular slots, both split into two by shorting tabs that create a virtual electric wall. This enables the generation of a TE 11,slot even mode in both parts of each annular slot, giving rise to a conical radiation pattern. By exciting two such modes and judiciously positioning their resonance frequencies, all the unlicensed national information infrastructure (U-NII) [5.15-5.85] GHz radio bands are covered. The annular slot antenna is then made polarization reconfigurable through an innovative excitation of the slot modes by replacing the shorting tabs with four pairs of the PIN diodes. These dynamically switch between two orthogonal linear polarizations by changing the dc control current at the antenna RF port through an external bias tee. This simple, yet effective, bias network enables the integration of all polarization control electronics inside the antenna cavity to protect them from environmental effects. A low-cost antenna substrate was realized through standard additive manufacturing in a 3D-printed substrate, while a standard high-frequency laminate was used to implement the upper conducting plane containing the radiating elements and the polarization reconfiguration electronics. The antenna features an impedance bandwidth of 0.93 GHz, a front-to-back ratio of 14 dB, a total antenna efficiency higher than 95%, and 4.9 dBi gain for each polarization state.
I. INTRODUCTION
The Internet of Things (IoT) entails the concept of a worldwide infrastructure of interconnected everyday devices or objects, augmented with additional functionality, such as sensing, processing and wireless communication [1] . An energy-efficient and stable wireless communication link is essential for each of these smart objects to implement reliable communication in realistic deployment scenarios [2] .
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Moreover, these wireless communication systems should be compact and exhibit ultra-wideband performance to provide the data rates needed by the various types of future emerging wireless applications [3] , while exhibiting a stable conical beam pattern with a null at zenith and peaking at an intermediate elevation angle, allowing reliable communication between a user and an interrogator integrated in smart surfaces (floors/ceilings/desks) [4] - [6] . The system's dimensions should facilitate invisible integration into these objects [7] . In addition, new fabrication technologies should be developed to pervasively co-integrate antennas, microwave components and electronic circuits within everyday objects to realize unprecedented performance at low manufacturing cost by exploiting low-cost, general-purpose materials [8] .
The integration of dynamic polarization reconfiguration functionality on a single feed antenna is vital to guarantee reliable wireless communication in a compact footprint. Therefore, a significant number of polarization reconfigurable antennas were developed in recent years [9] - [22] . It is generally accepted that switching between different feed line configurations is a poor solution, since system size and complexity rapidly increase with the number of switching states [9] - [11] . In addition, several electromagnetic interference (EMI) issues may arise due to unwanted leakage [12] - [15] . On the one hand, a variety of reconfigurable radiators has been proposed that reduce complexity, size and EMI issues. However, most of these solutions suffer from narrow impedance bandwidth and/or from degraded performance when integrated into everyday devices [16] - [21] . On the other hand, substrate integrated waveguide (SIW) technology demonstrates great potential to realize robust and high-performance antenna elements [23] , microwave components [24] , and even complete systems [25] . Various bandwidth enhancement techniques for SIW antennas have been developed to meet the demanding requirements of the current and next generation IoT applications [26] , [27] . Moreover, to minimize cost, SIW components and antennas may be implemented on commercially-available, generalpurpose materials, such as paper [28] , textiles [29] , and plastics [30] . However, the high losses and frequencydependent properties of these materials significantly decrease the performance of conventional dielectric-filled SIW-based systems. Therefore, a substrate-independent air-filled SIW (AFSIW) architecture was proposed in [31] to enable direct and robust integration of high-performance microwave components into commercially available general-purpose materials.
In this paper, an innovative single-feed polarizationreconfigurable ultra-wideband substrate-independent AFSIW cavity-backed slot antenna with conical radiation pattern is proposed for high-performance smart surface applications. The conical radiation pattern is achieved by adding two diametrically opposed conducting shorting tabs to an annular slot topology. The modes in the resulting two half-rings generate magnetic currents with opposite polarity, in contrast to the conventional annular slot antenna where magnetic currents with the same polarity produce a broadside radiation pattern. By activating the appropriate metal shorting tabs through diodes, the desired antenna polarization is selected. The antenna covers the frequency band from 5.15 GHz to 5.85 GHz. To streamline the design flow, we first derive an analytical expression for the effective permittivity and loss tangent of circular AFSIWs and cavities based on modal analysis. This allows designers to control the effective permittivity and loss tangent by adequate selection of the airfilled region within the circular cavity. For this purpose, novel design guidelines are provided to minimize losses and to maximize radiation efficiency, while guaranteeing a compact, cost-effective and low-profile design. The potential of this approach is then exploited to realize a novel multimode AFSIW circular cavity with multiple radiating ring slots to achieve ultra-wideband performance. In particular, the single-feed ultra-wideband antenna enables dynamic reconfiguration between two orthogonal linear polarizations by means of four pairs of PIN diodes, judiciously positioned inside the air-filled antenna cavity, and controlled by a simple, yet effective, bias network. By simply changing the polarity of the DC control current at the antenna RF port through an external bias tee, the antenna switches between orthogonal linear polarizations. To the authors' best knowledge, this is the first antenna with conical radiation pattern that features substrate-independent, wideband antenna performance and dynamic polarization reconfigurability through electronic components exclusively deployed inside the cavity.
The novel antenna design paradigm features (i) substantial loss reduction owing to the AFSIW topology and simplified biasing network, (ii) a dedicated design procedure based on a novel analytical formula for the effective permittivity and loss tangent of circular AFSIW cavities, (iii) protection of the PIN diodes without radome by integrating the electronic components inside the cavity, (iv) stable ultra-wideband [defined by the U.S. Federal Communications Commission (FCC) in [32] as a signal with an instantaneous spectral occupancy in excess of 500 MHz or a fractional bandwidth of 20% or more] impedance matching for both polarization states without additional reconfigurable matching networks because of the symmetric antenna topology, and (v) low component count as there is no need for additional capacitors/inductors to isolate the DC bias from the RF signals, owing to the dedicated antenna topology. In contrast to [31] , where design rules are described and waveguides, a splitter and a coaxial-to-airfilled SIW transition are developed in rectangular cavities, in this paper, the substrate-independent AFSIW technology is applied to an antenna implemented in a circular cavity, based on novel, dedicated design formulas.
The remainder of the paper is organized as follows. Section II describes the design of the single linearly-polarized AFSIW cavity-backed slot antenna, and discusses all relevant design parameters, including propagation constant and loss factors. Section III elaborates on the design flow to extend the functionality of the single linearly-polarized design towards a polarization-reconfigurable design with the electronic components integrated inside the cavity. Section IV discusses the measurement results. Finally, conclusions are drawn in Section V.
II. LINEARLY-POLARIZED AIR-FILLED SIW CAVITY-BACKED SLOT ANTENNA

A. ARCHITECTURE
The proposed antenna geometry is shown in Fig. 1 . An additive-manufacturing-enabled SIW cavity-backed slot antenna topology is adopted to minimize backward radiation, to maximally suppress surface waves, and to guarantee excellent isolation from its surroundings, while exploiting the advantages of planar technology, being a low profile, low fabrication cost, rapid manufacturing, and easy integration with other planar circuitry. However, in contrast to conventional high-frequency PCB laminates, the materials applied in low-cost additive manufacturing processes (PLA, TPE, ABS, Nylon, . . . ) do not always exhibit favorable characteristics to be used as substrates for dielectric-filled SIW antennas, due to their inhomogeneous character and higher dielectric loss [33] . Moreover, the permittivity and loss tangent of these materials vary with the material's extrusion speed, temperature [34] and infill percentage [33] , [35] . Therefore, we adopt the substrate-independent SIW technology proposed in [31] for rectangular cavities to implement the novel circular AFSIW cavity-backed antenna.
The resulting antenna topology maintains the advantages of conventional dielectric-filled SIW antennas while providing high efficiency, independent from the material in which the antenna substrate is manufactured. In particular, to realize an AFSIW cavity-backed antenna, three dielectric layers (Layer A, Layer B, Layer C) and four conductor layers are required, as shown in Fig. 1 . The main purpose of the upper (Layer A) and lower (Layer C) dielectric layers is to provide support to the top and bottom conducting boundaries of the cavity. They sandwich the middle dielectric layer (Layer B), realizing an air-filled region, by means of an array of metallic vias, implemented by tubular eyelets (or tubelets), which also tighten the complete layer stack. The air-filled region is judiciously designed in Layer B to minimize the dielectric loss of the low-cost 3D-printed material, as to obtain a highly efficient antenna. A small dielectric supporting region inside the waveguide must be preserved to guarantee sufficient mechanical strength. By ensuring that the strongest electromagnetic fields occur in the air-filled region, the antenna performance becomes nearly substrate independent, as demonstrated in Section II.D. A standard SMA connector is used to feed the antenna. Its inner conductor is soldered to the upper conductor of Layer A, whereas connection between the top and bottom conductor surface of Layer A is ensured by plated holes [ Fig. 1(d) ]. The outer conductor of the coaxial probe is soldered to the conducting ground plane of the cavity, supported by Layer C. As can be seen from Fig 1(d) , Layer C is not a part of the antenna cavity, which allows us to exploit a low-cost dielectric material to realize this layer. RF components may also be integrated below the antenna ground plane of this layer in future active designs. Second, the antenna topology provides excellent ultra-wideband characteristics, achieved by tuning the air-filled substrate's thickness h 2 . Inherently, the length of the tubelets and the thickness of Layer B, h 2 , determine the height of the SIW sidewalls. Consequently, AFSIW cavities with arbitrary height can be easily constructed by 3D-printing material with the desired thickness and selecting appropriate tubelets. As the impedance bandwidth is directly proportional to the cavity height for airfilled cavity-backed slot antennas, the antenna's impedance bandwidth can be enlarged by increasing the substrate thickness h 2 of Layer B, as specified in [26] .
B. ANTENNA TOPOLOGY AND OPERATION PRINCIPLE
A circular cavity topology is selected to exploit the azimuthal symmetry of the cavity modes. To realize a highly-efficient antenna with a conical beam radiation pattern covering an ultra-wide −10 dB impedance bandwidth, the antenna topology shown in Fig. 2 is adopted. As a starting point, a circular cavity is coaxially fed at its center [36] , such that only radially symmetric TM 0m,waveguide modes are excited by the transverse electromagnetic (TEM ) mode that is incident via the coaxial cable [ Fig. 2(a) ]. The cavity radius is dimensioned such that only its fundamental mode, TM 01,waveguide , whose transverse electric field is shown in Fig. 3(a) , is propagating in the circular cross-section of the cavity. The pertinent design procedure is outlined in Section II-E. It is based on the formulas derived for circular AFSIWs in Section II-C and Section II-D. Next, a resonant annular slot is designed in the top plane of the cavity, as shown in Fig. 2(b) . The TE 11,slot odd mode in a conventional annular ring slot antenna [ Fig. 3(d) ] excited by a microstrip line [ Fig. 3(c) ], as in [37] , is less appropriate for smart surface applications, since it mainly radiates along the broadside direction. Moreover, the antenna topology in [37] radiates electromagnetic fields in both hemispheres (z>0 and z<0), which makes it difficult to avoid parasitic coupling when integrating active components in proximity of the antenna. In our application, the TE 11,slot even mode is required [4] because this generates a radiation pattern with a null in the broadside direction, providing better coverage.
Hence, two diametrically positioned shorting tabs are added to split the annular slot in two. In each half-ring radiating aperture, the TM 01,waveguide mode propagating in the circular cross-section of the feeding cavity [ Fig. 3(a) ] is converted into the TE 11,slot even mode [ Fig. 3(b) ] of that slot. As seen in the transverse electric field profile of Fig. 3(b) , the yz-plane formed by both perfect electrically conducting (PEC) shorting tabs acts as an electric wall, mirroring the modal field profile from one half-ring slot into the other, such that the combination of both half-ring radiating slots acts as a halfwavelength magnetic quadrupole. Consequently, in contrast to the broadside radiation pattern generated by the conventional annular ring slot antenna [ Fig. 3(d) ], now a conical beam radiation pattern is produced by the magnetic currents − → M s . The angular location of the shorting tabs defines the direction along which the electric field is linearly polarized, given the symmetry of the structure (for example, the antenna topology shown in Fig. 2 (b) exhibits x-oriented linear polarization).
FIGURE 3.
Transverse electric field (solid blue arrows) and magnetic currents (dashed red lines) of the mode profiles present in the novel antenna topology: (a) TM 01,waveguide mode propagating in the circular cross-section of the cavity feeding the radiating slots, (b) TE 11,slot mode in both annular half ring slots generated by the two PEC shorting tabs. Transverse electric field (solid blue arrows) and magnetic currents (dashed red lines) of the mode profiles present in the conventional annular slot antenna in [37] : (c) the flow of electric current (dash dotted line) in the microstrip line serving as a feed section, (d) TE 11,slot odd mode in the annular slot.
Since cavity-backed slot antennas mainly exhibit narrowband behavior [38] , two annular slots, as shown in Fig. 2(c) , are required in the antenna's top plane to cover the entire Unlicensed National Information Infrastructure (U-NII) radio communication band [37] . The double-ring of slots produces two distinct resonances whose frequencies are carefully positioned in the [5.15-5 .85]-GHz band, as to achieve ultrawideband performance. Due to the loading effect of the antenna cavity and the interaction between both slots, their resonance frequencies will differ significantly from those of a stand-alone ring antenna, which satisfy [39] 
where r i and r o denote the inner and outer radius of the annular ring-slot, k is the wave number, and J n and Y n represent the n th -order Bessel function of the first kind and second kind, respectively. Since the loading effect by the cavity plays an important role, the interplay between cavity and slot modal fields makes the relationship between resonance frequencies and annular slot dimensions much more complicated than expressed by (1) . Therefore, each resonance frequency was carefully controlled by adapting the physical parameters of the annular slots with shorting tabs. The inner annular slot with shorting tabs is dimensioned such that it produces a resonance at 5.15 GHz. Next, the size of the outer slot is selected such that a second resonance occurs at 5.85 GHz. Fig. 4 (a) and Fig. 4(c) show that the electric field at the lowest resonance frequency is mainly concentrated in the inner slot, while being weak in the outer slot and in the cavity. In this case, the cavity sidewalls only have a small effect on the resonant field. In contrast, at 5.85 GHz, the electric field is strong in both slots and in the cavity. As shown in Fig To provide insight about the effect of the shorting tabs on the radiation pattern and the polarization of the electric field, Fig. 5 compares the AFSIW cavity-backed slot antenna without shorting tabs [ Fig. 5(a) ] to its counterpart with shorting tabs added along the y-direction [ Fig. 5(b) ] and the x-direction [ Fig. 5(c) ]. Without shorting tabs, the radiation pattern is rotationally symmetric along the z-axis and the electric field is polarized along the θ direction [ Fig. 5(d) ]. The shorting tabs break the symmetry, leading to a pattern that is no longer omnidirectional in the azimuth plane. Fig. 5(e) shows that the electric field is predominantly polarized along the x-direction for y-oriented tabs, while being mainly y-polarized [ Fig. 5(f) ] for tabs in the x-direction.
C. MODAL ANALYSIS OF CIRCULAR AFSIW
The performance of the proposed antenna topology strongly depends on the portion of Layer B's dielectric material remaining inside the cavity to provide mechanical robustness. This area, with surface πa 2 − πb 2 , is colored in green in Fig. 1(c) . In Layer B, the electromagnetic field of the lowerorder modes [ Fig. 3(a) ] is mainly confined in the central air region, while being weak near the edge. Therefore, the effect of the small lossy dielectric region inside the cavity can be neglected as long as the ratio of the constructed air-cavity diameter, 2b, over the actual cavity diameter, 2a, [ Fig. 1(d) ] remains above a certain threshold, such that b/a 1.
Let us, therefore, focus on the transmission of electromagnetic waves in the guided section, being a circular waveguide implemented in AFSIW manufacturing technology. Fig. 6(b) shows the cross-section under study, while Fig. 6(a) depicts the cross-section of an equivalent circular waveguide partially filled with lossy dielectric (specifically 3D-printed material in this paper) with thickness t, permittivity c and permeability µ c . The inner air region (relative permittivity 0 and permeability µ 0 ) extends up to radius b. The equivalent waveguide's boundary consists of a PEC wall at radius a eff .
The structure in Fig. 6 (a) generally supports hybrid (HE) modes, besides transverse electric (TE) and transverse magnetic (TM ) modes. However, the rows of vertical tubelets in Fig. 6(b) do not support modes that generate ϕ-oriented currents in the sidewalls. Therefore, only TM nm modes with n = 0 should be used in these types of waveguides. For these modes propagating along the z-direction with propagation factor e −γ z , the propagation constants γ satisfy [40] 
where k ρ,1 and k ρ,2 are the radial part of the wave vectors in air and dielectric, respectively. k 0 = 2π/λ 0 is the freespace wave number and λ 0 is the free-space wavelength. The dispersion relation of these TM 0m modes simplifies to 
where J 0 denotes the 0 th -order Bessel function of the first kind and H (2) 0 represents the 0 th -order Hankel function of the second kind.
For small relative effective thicknesses t/b of the supporting sidewalls, the proposed AFSIW behaves as a homogeneous waveguide with an effective complex permittivity c,eff , which takes value between 1 and c . Subsequently, a perturbation analysis is applied to accurately obtain the effective permittivity of the circular AFSIW with a thin layer of lossy dielectric (t b),
where χ 0m represents the m th zero (m = 1, 2, 3, . . . ) of Bessel function J 0 of the first kind and of order zero. 
The coefficients A and B are defined by (4a) and (4b), as shown at the top of this page. The effective thickness t of the lossy material serving as sidewall support in AFSIW may be approximated by [41] 
where d is the diameter of the tubelets forming the sidewalls and s represents the spacing between two tubelets. Notice that, in contrast to propagation in rectangular AFSIWs [31] , the dielectric constant of the lossy 3D-printed material inside the waveguide starts to affect the effective permittivity from the linear term in t. Therefore, low-loss circular AFSIW designs require thinner dielectric regions inside the waveguide than their rectangular equivalents.
By inserting c,eff into (2) and rearranging the terms, we obtain following approximation for the propagation constant in case of a small relative effective thickness t/b of the supporting sidewalls
A relation between the resonance frequencies of the TM 0m modes and the cavity dimensions can be derived directly by means of a transverse resonance technique
where c is the speed of light in free space.
D. DESIGN OF ANTENNA CAVITY
Based on the modal analysis in Section II.C, we propose a design procedure to determine the threshold value of b/a above which the antenna cavity can be assumed to be substrate independent, given the substrate's material parameters. Therefore, we first apply the matrix-pencil two-line method in [42] to characterize the dielectric properties of the adopted 3D-printed material, as permittivity and loss tangent are typically not readily available in a datasheet. In this paper, one of the most common and cost-effective materials for 3-D printing, polylactic acid (PLA), is selected as a dielectric substrate (Layer B). In the [5.15 -5 .85] GHz frequency band, the characterization procedure yields an estimated ( r , tanδ) of (1.65, 0.015), (2.0, 0.03) and (3.05, 0.05) for an infill percentage of 25%, 50%, and 100%, respectively.
Inserting the nominal dielectric permittivity and loss tangent values into (4) yields the approximate effective dielectric constant and loss tangent of a circular AFSIW with PLA-supporting sidewalls, whereas (3) yields the exact values. Fig. 7 shows the exact loss tangent as a function of the effective thickness (t/λ 0 ) of the 3D-printed material with infill percentage of 50% sidewalls for a waveguide with radius a = 0.58λ 0 [radius a is obtained by applying (7) at the center frequency of the monomodal operational bandwidth of TM 01 mode in a circular AFSIW], along with the third and fourth-order approximations. Good agreement between the exact result and the fourth-order approximation is observed. Hence, the fourth-order approximation is ideally suited to calculate the relative thickness ratio t/λ 0 that guarantees acceptably low dielectric losses and substrate independent behavior. In this paper, we ensure that the effective loss tangent remains below 10 −3 [level typically encountered in highfrequency laminates] by fixing the relative thickness ratio to t/λ 0 = 0.03, corresponding to t/b = 0.05. Moreover, leakage loss can be kept reasonably small by exploiting brass tubelets that are spaced closely enough. For the latter, we apply the design rule based on the condition that the center-to-center spacing between neighboring tubelets s and the tubelet diameter d is sufficiently small (the condition s/d < 2 is given in [24] ). In this paper, we select a waveguide radius of a = 0.58λ 0 and low-cost brass tubelets with a diameter d = 4 mm. The relative spacing between tubelets is set to s/d = 1.42. Substituting all values into (4) and (5) to account for the effect of the tubelets, yields an estimated radius ratio of b/a ≈ 0.9. Table 1 confirms that, for these values, substrate independent performance is obtained as well as an effective loss tangent below 10 −3 . Finally, the conductor and surface roughness losses may be reduced to the bare minimum by polishing the surface of the copper cladding of Layer A and Layer C with a highly conductive material (i.e. silver) before assembly.
E. DESIGN PROCEDURE
To achieve the desired ultra-wideband, substrate-independent, antenna performance, we adopt the design procedure proposed in Fig. 8 . The design procedure, including material characterization, consists of six straightforward steps. First, we apply a matrix-pencil two-line method [42] to characterize the dielectric properties of the substrate materials under consideration. Second, these material characteristics are used to calculate the effective dielectric constant and the effective loss tangent of a circular AFSIW based on (4). Third, making use of the guidelines outlined in Section II.D, the relative via spacing, s/d, is fixed such that its value remains smaller than 2, thereby keeping the leakage loss sufficiently small. Then, the cavity radius, a, is calculated in the fourth design step by applying (7), ensuring monomodal wave propagation of the TM 01 mode into a circular AFSIW section forming the backing cavity of the antenna. In the next step, the dimensions of both annular ring slots are carefully determined. Evidently, the double-ring of slots produces two distinct resonances. Therefore, a computer-aided optimization is performed by means of CST Microwave studio for the slots' parameters, to obtain the required impedance bandwidth. This optimization procedure is based on an extensive set of parameter sweeps that analyze the influence of the slot dimensions on the antenna performance. Fig. 9 shows the results of the parametric analysis performed for the slot parameters R 1 , W 1 , R 2 , and W 2 , aiming to ensure that the proposed antenna covers the complete [5.15 -5 .85] GHz radio band. In detail, if the radius of the inner slot (R 1 ) decreases or the width of the inner slot (W 1 ) increases, there is more inductive coupling between inner slot and inner conductor of the SMA feed connector. Consequently, the lower resonance frequency increases, since the inner annular ring parameters mainly determine the smallest of both resonance frequencies. On the other hand, the amount of coupling between the two slots depends on the distance between them. An increase in the radius of the outer slot (R 2 ) reduces the coupling between the inner and outer slots. Therefore, the upper resonance frequency tends to increase when the inner and outer slots are further separated. Finally, it can be seen that an increase of the outer slot width (W 2 ) leads to an upward shift of the upper resonance frequency.
An additional parameter study is performed to assess the effects of cavity thickness on the antenna bandwidth performance. Fig. 10 depicts the relation between the fractional cavity height, H cavity,frac = h 2 /λ 0 where λ 0 is the freespace wavelength of the center frequency, and the fractional impedance bandwidth, for both the conventional dielectricfilled coaxial-probe-fed rectangular SIW cavity-backed slot antenna described in [43] and the proposed circular cavitybacked slot antenna. It can be seen that the impedance bandwidth gradually enlarges for increasing cavity height. Moreover, the circular cavity yields a larger bandwidth up to a cavity height of λ 0 /9 (∼6.5 mm). Above this value, the rectangular cavity-backed antenna has a slightly larger fractional bandwidth. As a result, our topology allows achieving the required bandwidth at a lower fractional cavity height. In addition, it provides better azimuthal symmetry, which permits the generation of circular polarization with better quality, particularly at low elevation angles, and it facilitates the design of polarization reconfigurable antenna topologies.
In a final step, we have analyzed the effect on the radiation pattern and polarization for the parameter variations considered in Fig. 9 and Fig. 10 . The full-wave simulations have shown that the considered variations in slot dimensions and cavity thickness only have a marginal effect on the antenna radiation patterns.
III. POLARIZATION RECONFIGURABLE ANTENNA A. REALIZATION OF RECONFIGURABLE POLARIZATION
The air-filled ultra-wideband SIW cavity-backed slot antenna topology proposed in previous section is now adapted as shown in Fig. 11 , to implement compact and cost-effective reconfiguration between two orthogonal linear polarizations. Instead of fixing the polarization by the angular locations of small shorting tabs (with a width of W tab ) in Layer A [ Fig. 1(b) ], dynamic reconfiguration is achieved by replacing these short-circuits by PIN diodes at carefully selected angular positions [ Fig. 11(b) ].
Specifically, four pairs of PIN diodes are needed to switch between both (linear along x-or y-direction) polarization states. In this design, MACOM's MA4AGBLP912 PIN diodes are adopted as a switching element, because of their low resistance in forward-biased state and low capacitance in reverse-biased state. A bulky and intricate bias network is avoided by applying the bias to the antenna feed line through an external bias tee, as shown in Fig. 11(c) . This implementation reduces the complexity and the parasitic effects of the biasing network and their control lines. In addition, no additional lumped (lossy) capacitors and/or inductors are needed to isolate the DC bias, while maintaining continuity for the RF signals. This task is already performed by the radiating slots in combination with a proper orientation of the PIN diodes. In this way, the proposed antenna is capable of switching its linear polarization from x-to y-oriented, or vice versa, by controlling the DC control current at the antenna RF port through the bias tee. When applying a positive DC current, the red-colored diodes (1, 2, 3, and 4) are brought in the ON state and the dark blue-colored diodes (5, 6, 7, and 8) are switched OFF [ Fig. 11(b) ], yielding an y-oriented linear polarization. Similarly, by reversing the polarity of the DC bias current, the red-colored diodes are switched OFF and the dark blue-colored diodes are brought in the ON state. Now, the antenna exhibits a x-oriented linear polarization. As a consequence, in each biasing state, only two pairs of diodes are forward polarized. All diodes are soldered using a standard soldering process. Under a magnifier lens, the components are positioned on the slits patterned at the center of the tabs to the bottom conductive layer of Layer A [ Fig. 11(b) ] before assembly of all layers. In the design, all patterned slits' length are selected equal to the diode length. Hence, all electronic components are robustly and invisibly integrated inside the antenna cavity, while being protected against environmental effects. Finally, small through-hole vias and copper test pads are introduced in the design to verify the PIN diode operation after assembly [ Fig. 11(a) ]. To the authors' best knowledge, this is the first time in literature that PIN diodes are placed inside the SIW antenna cavity.
During the computer-aided design process, the frequency domain solver of CST Microwave Studio is used as a fullwave simulator. Since the loading characteristics of the antenna cavity changes for different states of the diodes, the antenna impedance and the antenna radiation characteristics are optimized to the diode impedances for different states during the full-wave/circuit co-simulation. Therefore, we have initially performed TRL-calibrated diode measurements to determine the equivalent circuit model of the PIN diodes for each state. A symmetrical -equivalent model [ Fig. 12(a) ] was extracted to accurately model the PIN diodes [44] . The shunt branches of the model, Z p1 and Z p2 , are associated to the shunt fringing fields in the microstrip lines and not to the PIN diode itself. Hence, they are omitted in the actual antenna design. The RLC network shown in Fig. 12(b) is selected to accurately model the RF behavior of the PIN diode in its ON state [10 mA], when it acts as a non-ideal short-circuit. In that case, Z diode represents an RLC series network with R s1 = 5.5 , L s1 = 0.61 nH, and C s1 = 3.26 pF. The PIN diode in the OFF state [0 mA], at a reverse voltage V r = -1.4 V, is modeled by an inductance L s2 = 1.1 nH, in series with a parallel RC network with R s2 = 10 k and C s2 = 35 fF [ Fig. 12(c)] .
B. DC POWER CONSUMPTION AND ANTENNA EFFICIENCY
In each polarization state, four out of eight PIN diodes are biased in the ON state, while the others are switched OFF, so only approximately half of them are dissipating power. Furthermore, the DC power consumption can be reduced by biasing the PIN diodes with the minimum bias current (1 mA) to polarize them in their forward state. However, when reducing the DC bias current to its minimum, the RF series resistance will increase, since the active PIN diodes act as current-controlled RF resistors. Hence, an inherent tradeoff between DC power consumption and the total antenna efficiency arises. The optimal DC bias current in terms of DC power consumption and antenna radiation efficiency is found by evaluating the measured total antenna efficiency for different bias current values [see Section IV].
C. PROTOTYPE FABRICATION
A prototype of the polarization-reconfigurable probe-fed AFSIW cavity-backed slot antenna has been fabricated to validate the design. Fig. 13 depicts the fabricated antenna, whereas Fig. 14 shows a photograph of the PIN diode soldered to the antenna. In the fabrication process, a 0.25-mm-thick low-cost I-Tera MT40 substrate ( r = 3.43, tanδ = 0.014 @5.5 GHz) is exploited for both Layer A and Layer C. Layer B is implemented in PLA ( c = 2.0, tanδ = 0.03 @5.5 GHz) with an infill percentage of 50% by the 3D-printing fused decomposition modeling (FDM) method of the Ultimaker 2 [45] . All permittivity and loss tangent values of the materials are extracted by the material characterization technique described in [42] . Subsequently, Layer A and Layer C are assembled on the top and bottom of Layer B by means of flat-flange brass tubelets, spaced closely enough to minimize radiation loss. In this work, a manual tubelet press machine was used to fix the tubelets at their correct locations. For mass-production industrial applications, fully-automated tubelet machines or computer numerically controlled (CNC) tubelet-punching machines can be applied. To ensure perfect connection between the upper and lower conductive layers in Layer A and Layer C, the via holes were plated in the PCB manufacturing process.
IV. MEASUREMENT RESULTS
This section describes and analyzes the performance of the fabricated polarization reconfigurable AFSIW cavity-backed slot antenna in terms of reflection coefficient, radiation efficiency, radiation pattern, and DC power consumption. The reflection coefficients were measured with an Agilent N5242A PNA-X Microwave Network Analyzer. The radiation parameters were measured in an anechoic chamber by means of an NSI MI near-field antenna measurement system. A Keithley, 2450 sourcemeter and a Mini-Circuits, ZX85-12G-S+ bias tee were employed for DC biasing, according to Fig. 11 .
The measured reflection coefficients for both polarization states are shown in Fig. 15 , along with the full-wave simulation results. Owing to the geometrical and modal symmetry to the ϕ = 0 • and ϕ = 90 • planes, the orientation of the linear polarization can be changed without altering the input reflection coefficient. For both states, the fabricated antenna exhibits a reflection coefficient below −10 dB from 5.15 GHz to 6.08 GHz, thereby covering the entire [5.15-5 .85] GHz U-NII radio communication band with and impedance bandwidth margin of 230 MHz. Fig. 16 shows the measured DC power dissipation and total antenna efficiency as a function of the DC bias current. As seen in Fig. 16 , the DC power dissipation is only 27 mW when the DC bias current is set to 10 mA. Moreover, it can be further reduced to 2.8 mW by biasing the PIN diodes with a reduced bias current of 1 mA. However, by reducing the bias current from 10 mA to 1 mA, the total antenna efficiency reduces significantly from 96 % to 63 %. In fact, this significant reduction can be attributed to a higher mismatch and lower radiation efficiency due to the higher PIN diode RF resistance at lower bias currents. The measured maximum gain values of both linear polarization states across the operating band is depicted in Fig. 17 . The antenna exhibits a stable gain over the entire frequency range of operation and yields a peak gain of 7.3 dBi for both of the polarization states.
The simulated and measured radiation patterns of the antenna are compared in Fig. 18 and Fig. 19 at 5.15 GHz, and significantly higher than the cross-polarized gain. A measured gain of 5.8 dBi at the direction (θ, ϕ) = (33 • , 0 • ), a 3-dB beamwidth of more than 47 • and a total efficiency of 95% is obtained at 5.5 GHz for a bias current of +10 mA, meaning that the antenna exhibits y-oriented polarization. The minimum measured (simulated) cross-polarization ratio [defined as the ratio of the co-polarization gain to the cross-polarization gain] in an angular elevation sector of ±[30 • -90 • ] at the start, center, and end operation frequencies is summarized in Table 2 . While the measured crosspolarized field turns out to be larger than simulated due to the measurement setup, the measured cross-polarization ratio still remains higher than 20 dB across the complete band of operation. The measured front-to-back ratio [defined as the ratio between maximum gain in the frontal hemisphere w.r.t. the maximum gain in the back hemisphere] is larger than 14 dB. Fig. 19 shows the radiation patterns of the antenna when the bias current is set to −10 mA, such that the antenna exhibits x-oriented polarization. Now, the maximum gain is 5.8 dBi and occurs at (θ, ϕ) = (33 • , 90 • ). A 3 dB-beamwidth of 48 • is obtained. It is found that the radiation performance of both polarization states is identical, owing to the symmetry in the antenna topology. Table 3 compares the measured performance of our circular AFSIW cavity-backed annular slot antenna to other reported topologies. It is clear that our topology achieves a significantly larger impedance bandwidth and radiation efficiency, while maintaining a high antenna gain. The references with a higher antenna gain rely on array configurations to increase the gain in the broadside direction. Moreover, owing to its substrate-independent radiation efficiency, our antenna topology maintains stable antenna performance, even after direct implementation in everyday surfaces, in contrast to other state-of-the-art designs.
V. CONCLUSIONS
A new single-feed polarization-reconfigurable highlyefficient ultra-wideband AFSIW cavity-backed slot antenna with in-cavity electronics was proposed, fabricated and validated to meet the stringent requirements of next generation IoT applications. By exploiting 3D-printing technology, a thick antenna substrate was constructed in a cost-effective manner, while minimizing losses by introducing a welldefined air-filled region containing the electromagnetic fields. An analytical expression was derived for the effective permittivity and loss tangent of circular AFSIW antennas to provide antenna designers with a straightforward design procedure to guarantee low losses and material-independent performance. A conical radiation pattern was generated by exciting TE 11,slot even modes in two concentric annular slots, both split in two by shorting tabs that create a virtual electric wall. Stable and ultra-wideband impedance matching is obtained for both orthogonal polarization states without additional reconfigurable matching networks by judiciously positioning the resonance frequency of both modes in the frequency band of operation and leveraging the antenna's symmetry. This topology allows reconfiguration of the antenna polarization through a very simple, yet effective, mechanism. By electrically shorting the slots at well-defined positions by means of PIN diodes, dynamic polarization reconfiguration is obtained by changing the polarity of the DC bias current, supplied at the antenna feed by means of an external bias tee. This straightforward bias network enables the integration of all polarization control electronics inside the antenna cavity to protect them from environmental effects. Finally, measurements show that the prototype exhibits excellent performance within the entire frequency band from 5.15 GHz to 6.08 GHz band, for both polarization states. , Ghent University/imec. His research interests include robust antenna systems for wearable applications, antennas on unconventional substrates, active antenna design for the Internet of Things and 5G applications, (opto-electronic) millimeter-wave and terahertz multi-antenna systems, impulse-radio ultra-wideband antenna systems for centimeter-precision localization, and full-wave/circuit co-optimization frameworks to realize (opto-electronic) active (multi-)antenna systems.
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